Long-Term Outcome of IVF
We enrolled all patients admitted between 1986 and 2015 with an unexplained cardiac arrest with initial rhythm of VF, in whom known cardiac, respiratory, metabolic, and toxicological causes were excluded at first presentation. Accepted diagnostic criteria were used to exclude specific diseases. Missing inclusions were retrieved by selection from 2612 patients who received an ICD between 1994 and 2015. This study was approved by the local ethics committee of the UMCU. Because of the retrospective nature of the study, informed consent of patients was regarded unnecessary. A small number of included patients were also included in a study that was previously published. 8 
Clinical Investigation
Patient and family history was obtained in all patients. Routine testing was performed in all patients, including blood chemistry (cardiac enzymes, electrolytes, and thyroid function), toxicological screening, ECG, chest x-ray, echocardiography, exercise testing, Holter or telemetry monitoring, and coronary angiography with or without left and right angiogram (or coronary computed tomographic angiography in patients <30 years). ECGs at admission, and, if available, at 1, 5, and 10 years of follow-up were retrospectively evaluated for signs of ischemia, resting corrected QT interval, type 1 Brugada pattern, early repolarization (ER) as defined in the 2015 consensus paper on the definition of ER, and arrhythmogenic right ventricular dysplasia/cardiomyopathy criteria as defined in the 2010 Task Force Criteria. 9, 10 Because ER syndrome is described as a separate disease entity in the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society Expert Consensus Statement on the Diagnosis and Management of Patients with Inherited Primary Arrhythmia Syndromes, all patients admitted since 2013 with documented ER detected at the time of the index event were diagnosed with ER syndrome and were, therefore, excluded from analysis. 1 Echocardiography was used to assess left ventricular ejection fraction, valve abnormalities, and signs of cardiomyopathy. Exercise testing was performed with a standard Bruce protocol and evaluated for signs of ischemia, QT prolongation, and arrhythmias. Coronary angiography was normal in a total of 100 patients with the absence of coronary anomalies, coronary artery disease (defined as stenosis ≥50%), and signs of coronary artery spasm defined as typical chest pain or ST-elevation of ≥1 mm on ECG. In 7 patients without coronary angiography, coronary computed tomographic angiography (calcium score) was normal. Left ventricular ejection fraction, defined as ≥50%, was normal in all patients using echocardiography, nuclear imaging, or MRI. MRI became a routine diagnostic tool in 2004. MRI scans were acquired in all 49 patients admitted since 2004 (45% of total) and were evaluated for signs of cardiomyopathy, sarcoidosis, amyloidosis, and myocarditis. Right and left ventricular angiograms were normal in 69 of 107 patients (65%) and in 41 of 58 (71%) of patients in whom no MRI was acquired.
Ergonovine provocation was performed in 52 patients (53%) and was positive for coronary artery spasm if ≥2 mm ST-elevation occurred. Sodium channel blocker challenge (flecainide or ajmaline) was performed in 62 patients (58%) to exclude Brugada syndrome (BrS) and was not performed in patients who revealed a specific diagnosis during follow-up (n=13), patients with a contraindication (n=12, all patients with bundle-branch block), patients who objected (n=9), deceased patients (n=8), and patients who were lost to followup (n=3). The test was diagnostic for BrS if a type 1 Brugada pattern appeared. Endomyocardial biopsy was performed in 48 patients (44%) and was evaluated for signs of cardiomyopathy, myocarditis, or sarcoidosis.
Genetic Testing
Targeted genetic testing was performed in 79 of 107 patients (74%). Genetic testing was not performed in patients who deceased before genetic testing could have been performed (n=12), patients who objected (n=12), or were lost to follow-up (n=6). Genetic testing consisted of single-targeted gene testing by Sanger sequencing based on phenotype detection after clinical evaluation showed clues for a specific disease not sufficient for diagnosis (n=25) or next-generation sequencing (NGS) of a panel of 33 genes (n=53) associated with an increased risk of ventricular arrhythmias and sudden cardiac death (Table 1) , with addition of the DPP6 haplotype associated with IVF in Dutch patients. 11 Single-targeted genetic testing was extended to NGS of 33 genes in all patients unless NGS was infeasible (10 patients disclosed a pathogenic mutation with single-targeted testing, 6 patients revealed a specific diagnosis during follow-up, 4 patients did not want to participate in further genetic testing, 3 patients were lost to follow-up, and 2 patients deceased before permission for NGS was obtained).
Gene mutations were classified as pathogenic if they have been confirmed as definitive disease-causing based on existing gene-networks and if they were absent in European control alleles (ExAC database Broadinstitute.org). Variants of uncertain clinical significance were considered nonpathogenic. Pathogenic mutations detected with NGS were confirmed by Sanger sequencing.
Follow-Up
Follow-up was conducted in all patients and consisted of biannual outpatient visits to the cardiologist, with the documentation of symptoms, physical examination, ECG, and ICD interrogation. At least one echocardiography was performed during follow-up.
Statistical Analysis
Patient characteristics were reported as percentages, counts, median (interquartile ranges [IQR]), or mean±SD, as appropriate. Continuous data were compared using the independent Student t test or Mann-Whitney U test. Categorical data were compared using χ 2 or Fisher exact test. The estimated event-free survival probabilities
WHAT IS KNOWN
• IVF is a rare cause of sudden cardiac arrest, and limited data are available on the long-term follow-up of patients.
WHAT THE STUDY ADDS
• Of the patients initially diagnosed with IVF, 21% developed a specific diagnosis during a median followup of 10.2 years.
• The yield of genetic testing in patients initially diagnosed with IVF is 15%.
• The recurrence rate of ventricular arrhythmias is high in IVF patients, with 29% receiving appropriate ICD therapy. were calculated using Kaplan-Meier analysis in which the followup period was calculated from the date of ICD implantation to the outcome event (appropriate ICD therapy) or censoring events (end of follow-up and death) and presented as median and 95% confidence interval. Univariate Cox regression was used to identify significant predictors of appropriate ICD therapy and predictors of developing a specific diagnosis. On the basis of the known or expected clinical relevance, the following predictors were selected for the univariate prediction model of appropriate ICD therapy: sex, age, genetic outcome, symptoms preceding the index event, and level of exercise at time of the index event. To assess factors associated with appropriate ICD shock frequency, we performed Poisson analysis or multivariate negative binomial regression analysis with scale parameter to adjust for overdispersion. The factors that we selected were sex, age at the time of index event, symptoms preceding the index event, level of exercise at the time of the index event, and if VF was induced during EPS. For developing a specific diagnosis, the following predictors were selected for the univariate prediction model: ICD therapy, sex, age at index event, symptoms preceding the index event, level of exercise at the time of the index event, and if VF was induced during EPS. Data were analyzed using IBM SPSS Statistics version 21.0 (IBM, Armonk, NY). A probability (P) <0.05 was considered significant.
Results

Patient Characteristics and Long-Term Clinical Outcomes
A specific diagnosis was revealed in 22 of 107 (21%) patients initially diagnosed with IVF (mean age at index-event 40.4 years; 64 males) during a median follow-up of 10.2 years (IQR: 3.9-17.1 years). The incidence rate of specific diagnoses was 1.9 per 100 person-years (95% confidence interval, 1.2-2.6). The median estimated probability of freedom of a specific disease was 22.1 (95% confidence interval, 21.0-23.1), calculated using Kaplan-Meier analysis. Figure 1 shows an overview of the detected diagnoses (more detailed information in the Data Supplement). Phenotypic family screening was performed in 17 of the 22 patients who revealed a specific diagnosis during follow-up and identified 2 affected family members (1 with BrS detected after ajmaline challenge and 1 with hypertrophic cardiomyopathy detected at MRI). In 85 patients (79%), no specific diagnosis was revealed during follow-up. Baseline characteristics of the 22 patients who revealed a specific diagnosis and the 85 IVF patients are shown in Table 2 . Patients who revealed a specific diagnosis had a significantly longer follow-up duration compared with IVF patients, were more often male, and had a higher incidence of a family history of SCD. Among the 85 IVF patients, 11 patients had short-coupled Torsade de Pointes (3 with the Dutch DPP6 haplotype). None of the IVF patients showed ER on ECG; therefore, none of the patients were diagnosed with ER syndrome.
Genetic Testing
A pathogenic mutation was detected in 12 of the 79 patients; therefore, the yield of genetic testing was 15%. Of the 12 detected pathogenic mutations, 4 were diagnostic as the mutation revealed a specific diagnosis (catecholaminergic polymorphic ventricular tachycardia in 3 patients who all showed >3 ventricular premature beats at peak exercise during exercise ECG and long QT syndrome type 1 in 1 patient with a normal QT-interval in rest and 460 ms during exercise), 4 mutations were detected in arrhythmogenic right ventricular dysplasia/cardiomyopathy patients, 3 patients carried the Dutch DPP6 haplotype, and 1 patient revealed an MYL2 mutation with a corresponding hypertrophic cardiomyopathy phenotype. 9 Concurrently, NGS of 33 genes disclosed variants of uncertain clinical significance in 13 IVF patients. Additional Figure 1 . Overview of specific diagnoses that were revealed during follow-up. ARVD/C indicates arrhythmogenic right ventricular dysplasia/cardiomyopathy; BrS, Brugada syndrome; CAS, coronary artery spasm; CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; and LQTS, long QT syndrome. Long-Term Outcome of IVF clinical assessment and family screening could not establish pathogenicity of these variants. Genetic family screening was performed in 33 family members of the 12 patients with a pathogenic mutation and identified 12 mutation carriers. As a result, the yield of family screening was 36%.
Electrophysiological Testing
EPS was performed in 66 of the 85 IVF patients (78%). VF was induced in 22 patients (33%) with a standard stimulation protocol of a drive train of 8 complexes with an interval of 600 or 430 ms followed by 1 to 3 extrastimuli that were decremented to a coupling interval down to 180 ms. In 6 of the 22 patients, 3 extrastimuli were required to induce VF. In the other patients, 1 or 2 extrastimuli induced VF. EPS was repeated in 6 of the 22 patients after starting antiarrhythmic therapy to evaluate the effect of therapy (quinidine in 4 patients, sotalol in 1 patient, and amiodarone in 1 patient; only 3 of these 6 patients had an ICD, the other 3 patients experienced the index event before 1990 when ICDs were not routinely implanted). In the other 16 patients with inducible VF, an ICD was implanted; therefore, EPS was not repeated.
Ablation of ventricular premature beats was performed in 9 of the 11 patients with short-coupled Torsade de Pointes because of multiple appropriate ICD shocks. After radiofrequency ablation, 7 of the 9 patients were free from appropriate ICD therapy in a median follow-up of 6 years (IQR: 3.0-7.7) after ablation.
IVF Patients
In the IVF patients, age at event, family history of sudden cardiac death, symptoms, or level of exercise preceding the index event were comparable between men and women. Eight of the 85 IVF patients died during follow-up (9%). One patient died of recurrence of VF; he was diagnosed with IVF in 1987 and had no ICD. One patient died of myocardial infarction, 10 years after the index event. Four patients died of noncardiac causes (renal failure, non-Hodgkin lymphoma, pneumonia, and infection of a subdural hematoma). In 2 patients, the cause of death was unknown.
ICD Therapy in IVF Patients
An ICD was implanted in 92% of the IVF patients (78/85). Four patients refused ICD implantation, and 3 patients experienced cardiac arrest before 1990 when ICDs were not routinely implanted. These patients were free of symptoms with quinidine treatment; therefore, no ICD was implanted when ICDs became routinely available. The incidence rate of appropriate ICD therapy was 25.6 per 100 person-years (95% confidence interval, 8.8-42.4). The incidence rate of ≥1 appropriate shock per 100 person-years was 3.1 (95% confidence interval, 2.0-4.2).
Twenty-three patients (30% of the IVF patients with an ICD) received appropriate ICD therapy in a median follow-up of 7.9 years (IQR: 3.8-15.5 years). Eighteen patients received multiple ICD shocks (2 patients experienced only 1 episode with multiple shocks, 5 patients experienced multiple episodes of 1 shock per episode, and 11 patients experienced both single shocks and episodes with multiple shocks). Eleven patients (14%) experienced an electrical storm (defined as >3 shocks in 24 hours). The median number of shocks was 3 per person (IQR: 1.0-9.0). To assess factors of influence on appropriate ICD shock frequency, we performed negative binomial regression (Table 3 ). Male sex, lower age at the time of index event, and having symptoms preceding the index event were significantly associated with a higher appropriate shock frequency. Eighteen patients (23%) received inappropriate ICD therapy because of atrial fibrillation (n=6), supraventricular tachycardia (n=5; 4 AV nodal re-entry tachycardia, 1 supraventricular tachycardia not further specified), sinus tachycardia (n=3), ICD-related reasons (n=2; malsensing and ICD failure), and unknown reasons (n=2). ICD-related complications occurred in 12% (9/78 patients; lead-related complications in 8 patients and a pocket infection in 1 patient). Figure 2 shows the Kaplan-Meier curve of the event-free survival of the IVF patients.
Predictors of Appropriate ICD Therapy and Developing a Specific Diagnosis
Univariate Cox regression analysis was performed to assess the predictors for appropriate ICD therapy and predictors for developing a specific diagnosis. As shown in Tables 4 and 5, none of the possible predictors were statistically significant.
Discussion
We present long-term follow-up of a large population of patients with an initial diagnosis of IVF. Our analysis of 107 patients shows that 21% of the patients reveal a specific diagnosis during follow-up, resulting in family screening and targeted preventive therapy. Most patients who revealed an underlying disease qualified for the diagnosis of arrhythmogenic right ventricular dysplasia/cardiomyopathy or BrS. Genetic testing was performed in 74% of all patients and had a yield of 15%. However, only 4 diagnostic mutations were detected, and NGS concurrently disclosed 13 variants of uncertain clinical significance. Genetic family screening identified 12 mutation carriers and had a yield of 36%. Of the IVF Most previous studies about IVF focused on the presence of ER in IVF patients. [12] [13] [14] [15] ER has a high prevalence of ≤30% in IVF patients and is associated with the recurrence of VF and electrical storm. 13, [16] [17] [18] Initially, ER and ER syndrome were regarded as a subentity of IVF. However, ER syndrome has a distinctive phenotype and has shown to have a separate genetic substrate because several candidate genes for a familial inheritance of a malign ER pattern have been identified. 19, 20 Consequently, ER syndrome is described as a separate disease entity in the 2013 consensus statement on the primary arrhythmia syndromes. 1 We also consider ER and ER syndrome as a separate disease entity that is distinct from IVF; therefore, we excluded all patients diagnosed with ER syndrome since 2013. 21 This partly explains the lack of ER in our IVF cohort, with the addition that ER was also simply not present in our cohort as re-evaluation of all available ECGs at 1, 5, and 10 years of follow-up did not show signs of ER.
Specific Diagnoses During Follow-Up
In our study, a specific diagnosis was revealed in one fifth of the patients during follow-up. These results are supported by older studies with small patient cohorts, in which a specific diagnosis emerged in 11% to 38% during follow-up. 3, 8 More recent results come from the Cardiac Arrest Survivors With Preserved Ejection Fraction Registry (CASPER) registry that included all patients with an unexplained cardiac arrest who were free of evidence of coronary artery disease, left ventricular dysfunction, or evident repolarization syndromes. 2 Advanced testing revealed a diagnosis in 34% of patients at baseline. A specific diagnosis was revealed in 7% of patients during follow-up. These findings show that the initial diagnosis of IVF can change during follow-up, despite comprehensive clinical investigation at the time of the index event. In patients who revealed a specific diagnosis, structural or electric abnormalities were subtle or absent at the time of the index event and were, therefore, undetected, sometimes for years. In our cohort, 9 patients with a cardiomyopathy presented with VF as first manifestation, without qualifying for cardiomyopathy at the time of the index event. In these patients, signs of the underlying cardiomyopathy became overt during follow-up. Follow-up is, therefore, of utmost importance in IVF patients. Moreover, the diagnosis IVF must always be re-evaluated in every IVF patient.
Patients with the DPP6 haplotype were regarded as having IVF rather than having a specific diagnosis, according to the Dutch consensus. 21, 22 Although an underlying cause is detected in these patients, the exact pathophysiological mechanism is unknown, and clinical abnormalities are absent. Therefore, DPP6 is still regarded as IVF.
Genetic Testing
We screened a large panel of 33 genes associated with sudden cardiac death. The yield of genetic testing in our cohort was rather limited with pathogenic mutations detected in 15%. Only 4 diagnostic mutations were detected, all revealed a concealed underlying primary arrhythmia syndrome. Importantly, a negative genetic test result does not exclude a genetic origin of IVF because many novel variants associated with IVF have been detected, and not all novel mutations were included in our panel. 23, 24 Because the yield of genetic testing in IVF patients is relatively low and variants of uncertain clinical significance may be found, the current expert consensus statement on primary inherited arrhythmia syndromes does not recommend routine screening of large gene panels. 1 The limited available data that address single-targeted gene testing based on phenotype show a heterogeneous yield of 9% to 47%. [25] [26] [27] The yield of genetic testing in the CASPER registry was 8% (13 mutations in 158 patients). 2 The relatively low yield of genetic testing in IVF patients is not comparable to the high yield in catecholaminergic polymorphic ventricular tachycardia or LQTS (82% and 73%, respectively). 28, 29 However, genetic screening in IVF patients is useful in the detection of concealed primary arrhythmia syndromes, which leads to preventive therapy and lifestyle changes. Furthermore, the detection of a pathogenic mutation enables cascade molecular genetic testing, phenotypic screening, and counseling among relatives. In our study, family screening had a yield of 36% (12 detected mutation carriers in 33 screened family members), enabling prophylactic treatment in 58% of mutation carriers. Without genetic testing, the genotype-positive yet phenotype-negative family members would be deprived of prophylactic therapy, resulting in an increased risk of ventricular arrhythmias.
ICD Therapy
In our study, the rate of appropriate ICD therapy in IVF patients is high: 29% received one or multiple appropriate ICD shocks during follow-up. The available data on appropriate ICD therapy in IVF patients show a high recurrence rate of ventricular arrhythmias, with appropriate ICD therapy in 11% to 45% in a mean follow-up of 3.2 to 5.3 years. 2, 3, 8, 30, 31 These results are comparable to our study and justify ICD implantation. In patients who experienced appropriate ICD therapy, a higher appropriate shock frequency was demonstrated in males, younger patients at the time of the index event, and patients who experienced symptoms before the index event.
The rate of inappropriate ICD shocks and ICD complications in our study is also high: 23% of the IVF patients received inappropriate ICD shocks, and ICD-related complications occurred in 13%. The limited available data show inappropriate ICD shocks in 14% to 44% of IVF patients, and ICD-related complications are reported in 17%. In the CASPER registry, the rate of inappropriate ICD is lower with 14% (12/89 IVF patients). 2 The rate of inappropriate therapy in the CASPER registry is probably lower because of the improvement of current state-of-the-art device generation and the development of sophisticated features, such as supraventricular tachycardia discrimination.
Limitations
A limitation of our study is the incompleteness of data. First, cardiac MRI was introduced in our center in 2004 and since then, all patients underwent MRI. The majority of patients diagnosed before 2004 received (non-MRI compatible) ICDs; therefore, MRI could not be performed during follow-up. In these patients, imaging follow-up was performed by echocardiography and revealed no structural heart disease during >10 years of follow-up. Second, BrS was not systematically ruled out in our population. Sodium channel provocation could not be performed in all patients because of contraindications, such as bundle branch block, because patients refused the provocation test, and because some patients were lost to follow-up or deceased.
Strengths
Although our data are incomplete, they represent real-world data in which we have to deal with such limitations. The IVF population described, including its inhomogeneities, represents the patients that we see during clinical practice. Moreover, we present data of one the largest cohorts of patients initially diagnosed with IVF, with the longest follow-up, thus, far reported. Our data give important insight in the evolution in diagnosis of IVF patients because of comprehensive additional diagnostic testing during follow-up, including genetic analysis.
Conclusions
One fifth of the patients initially diagnosed with IVF reveal a specific diagnosis during the long-term follow-up, illustrating that VF frequently occurs as the first manifestation of concealed or undetected underlying disease. Comprehensive clinical investigation, including genetic screening, contributes to the detection of these specific diseases. The recurrence rate of ventricular arrhythmias in IVF patients is high with almost a quarter of patients who received one or multiple appropriate ICD shocks. Our data show the importance of follow-up of patients initially diagnosed with IVF and suggest re-evaluation of diagnosis in every IVF patient. Diagnosis of a specific disease enables cascade family screening and initiation of prophylactic treatment in affected family members to prevent sudden cardiac death.
